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INTRODUCTION 
Induction hardening is a well established technique to improve the 
resistance of components like bearings, gears, rolls etc. against loading 
and to protect the surface against wear. The hardening process is 
performed by inductive heating of the near-surface region above the 
austenising temperature and subsequent water cooling. This normally leads 
to a martensitic microstructure near the surface with suitable hardness 
and strength which is separated by a transition zone from the less hard 
but more tough base material. The hardening depth is defined as the 
distance from surface where the hardness drops below a given level defined 
by application dependent standards. 
The determination of the hardening depth according to its definition 
is only possible in a destructive way using standardized measuring 
procedures (Vickers, Rockwell, etc.). As the destructive measurements, 
besides being time consuming and expensive, are limited to spot checks, 
there is a strong industrial need for nondestructive determination of 
hardening depth. Several approaches have been proposed in the past using 
eddy current /1/, Barkhausen noise /2/ or velocity dispersion of 
ultrasonic surface waves /3/. These techniques, which are based on the 
difference in electromagnetic or elastic properties between the hardened 
and the base material, can only be used for measuring hardening depths 
below approximately 4 rom because the penetration potential is limited to 
the near-surface region. In addition, calibration on specimens with known 
hardening depth is required. In case of hardening depths ~ 4 rom, as 
encountered in heavy machinery, ultrasonic backscattering techniques offer 
potential for practical application as demonstrated first by Koppelmann on 
steel rolls /4/. In the present investigations, experiments were performed 
on bearings. It may be stated that by using state-of-the-art technology, 
on-line measurement of hardening depth during induction hardening should 
be feasible in the considered case. 
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Fig. 1. Cross sections of investigated slewing bearings . 
DESCRIPTION OF SAMPLES 
Samples of handy size were cut from bearing rings (materials: 1% Cr 
0.25% Mo-steel, 0.5% Cr-steel). Cross sections of the samples are shown in 
Fig. 1. The hardened regions, i.e. the contact areas between the balls or 
rollers and the ring are also indicated. The hardening depths, as 
determined by Vickers hardness tester, were in the range of 2-11 mm. In 
this kind of components, the transi~ion between the hardened surface layer 
and the base material is very sharp as can be seen in the optical 
micrographs (Fig. 2). The microstructures of the hardened layer and the 
base material at a higher magnification are shown in Fig. 3. The base 
material consists of tempered martensite. The prior austenite grain 
boundaries can still be recognized (Fig. 3b). This makes the structure 
more coarse-grained compared to the martensitic structure of the hardened 
layer (Fig. 3a), which is an essential point as far as ultrasonic 
scattering is concerned. The sharp transition in the microstructure is 
also reflected in the hardness measurement. In Fig. 4, typical hardness 
profiles, as measured in the investigated samples, are shown (curves a and 
b). A very sharp transition is observed as the microstructure changes from 
martensite (hardness: - 680 HV) to tempered martensite (hardness of the 
base material: - 250 HV). 
EXPERIMENTAL 
The experimental arrangement is shown schematically in Fig. 5. An 
ultrasonic pulse is insonified into the material using immersion 
technique. The pulse is diffracted at the surface and in the material, a 
shear wave is generated which propagates under - 40° if the angle of 
incidence is - 17°. At this angle, the maximum amplitude transmission is 
obtained. Because of the very fine-grained martensitic structure, almost 
Fig. 2. Micrograph showing transition from hardened zone to base material. 
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a b 
Hardened layer (Martensite) Base material (tempered Martensite) 
Fig. 3 . Optical microstructures of induction hardened 42 CrMo 4-steel 
showing hardened zone (a) and base material (b). 
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Fig. 4. Examples of hardness profiles in induction hardened bearings. 
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Fig. 5. Measurement of hardening depth by ultrasonic backscattering 
(schematic) . 
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Fig. 6. Smoothening of ultrasonic backscattering signals by spatial 
averaging: a) single signal b) averaged signal. 
no scattering is observed during the passage of the pulse through the 
hardened layer. However, when the ultrasonic wave passes through the 
transition zone, appreciable scattering takes place due to the changes in 
microstructure. The received backscattering signal is shown in Fig. 6a. By 
spatial averaging, the amplitude variation of the signal is strongly 
reduced and a smoothed backscattering curve is obtained (Fig. 6b). With t 
being the time-of-flight between the surface echo and the rising part of 
the backscattering signal, the hardening depth (HD) is easily found by 
using the following equation: 
t 
HD 2 . cos ~ 
Hen), V'f is the velocity of the shear wave and P is the angle of 
propagation in the sample. 
The use of shear waves has several advantages: Shear waves are 
scattered much more than longitudinal waves if Rayleigh scattering can be 
assumed, i.e. ultrasonic \iavelength » grain size. Furthermore, the axial 
resolution is higher than for longitudinal waves because of the smaller 
wave length. The axial resolution is additionally enhanced by the oblique 
propagation. With longitudinal waves, no signal from the transition zone 
could be detected in the investigated samples. 
The backscattering measurements were performed with a prototype 
device developed at IzfP, especially for backscattering measurements /5/. 
The device enables burst excitation in the frequency range 2-30 MHz. The 
received signal is rectified and digitized at a sampling rate of 20 MHz. 
Up to 1024 signals can be averaged in real-time. After completion of the 
measurement, the averaged signal is transmitted to a portable PC and then 
signal evaluation is performed by a special software, 
The ultrasonic transducer used has a center frequency of 18 MHz. This 
high frequency was neccessary in order to produce sufficient scattering as 
well as to achieve sufficient near-surface resolution for the measurements 
of small hardening depths down to 2 mm. The beam diameter at the beginning 
of the far field is smaller than 1 mm allowing measurements even on curved 
geometries with small radius (see Fig. 1). 
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Fig. 7. Comparison between destructive determination of hardening depth 
(HD) and results from ultrasonic backscattering measurement. 
RESULTS AND DISCUSSION 
A comparison between the hardening depth determined destructively and 
evaluated from backscattering measurements is shown in Fig. 7. The 
agreement is very good (correlation coefficient: 0.98). The deviations are 
typically less than 10%. The lower limit of measurable hardening depth is 
at least 2 rom as can be seen from Fig. 8. This limit depends mainly on the 
pulse-length and thus the ultrasonic frequency. By using higher 
frequencies hardening depths even smaller than 2 rom should be measurable. 
However, the signal-to-noise ratio will decrease because the ultrasonic 
attenuation increases with f4 in case of Rayleigh scattering. 
Additionally, ultrasonic probe efficiency is reduced at higher frequencies 
and, therefore, the upper limit will come down. In our case, with 
hardening depths in the range 2-11 rom, a frequency of 18 MHz was optimum 
combining both near-surface resolution as well as sufficient 
signal-to-noise ratio. 
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Fig. 8. Averaged backscattering curve as measured in sample having 2.1 rom 
hardening depth. 
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The direct evaluation of the hardening depth by the backscattering 
technique is usually limited to cases where the transition zone between 
hardened layer and base material is of negligible extension. Depending on 
the steel grade, type of component and the hardening procedure, transition 
zones of considerable width may be obtained. In the transition zone, the 
hardness gradually decreases from the surface hardness to the hardness of 
the base material. An example is illustrated in Fig. 4 (see curve c): 
According to the technical rules, a hardening depth of 8.5 mm would be 
measured in this example whereas the ultrasonic technique detects the 
transition to the base material occurring at 10.5 mm. No scattering 
indications from the transition zone could be observed here. In Ref. /6/, 
results are reported where the backscattering showed two increasing points 
which were identified with microstructural changes taking place at the 
beginning of the transition zone and the beginning of the base material. 
There, the microstructure changed from martensite (hardened layer) to 
martensite/bainite (transition zone) to pearlite (base material) . 
If in the case of extended transition zones no scattering indication 
is obtained from the transition zone itself as it has been observed, for 
example, in induction hardened rails having a pearlitic microstructure 
/7/, then the backscattering technique can only be used in an indirect 
manner provided there exists an unambiguous relationship between the 
extension of the hardening zone and the extension of the transition zone. 
From a practical point of view, the nondestructive determination of 
hardening depth should be performed on-line and as close to the hardening 
process as possible, i.e. immediately after the cooling. In the case of 
the investigated bearings the speed of induction hardening is $ 1 cm/sec 
and the maximum resolution required is about one measuring value/em. Thus, 
the minimum time needed for on-line measurement including signal averaging 
and signal evaluation is = 1 sec/measuring value. In order to perform the 
spatial averaging, the movement of the rings which rotate along the 
induction coil, can be used. The number of decorrelated backscattering 
signals available under these conditions is about 100, which is sufficient 
in order to get a good signal quality. Using state-of-the-art technology, 
an on-line system for industrial use, which will meet these requirements, 
is currently being developed in our institute. 
CONCLUSIONS 
It has been demonstrated that the ultrasonic backscattering technique 
is an appropriate tool for measuring hardening depth in induction hardened 
components, e.g. bearings, which have transition zones of negligible 
extension. Under these conditions, hardening depths in the range 2 -
> 12 mm can be determined with an accuracy of better than ± 10%. Because 
the thickness of the hardened zone is directly evaluated from an 
ultrasonic time-of-flight measurement, no special calibration procedure is 
required. 
The prototype system available allows fully automated determination 
of hardening depth. Its use under practical conditions has already been 
demonstrated. A refined system for on-line measurement will be developed. 
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